INTRODUCTION
============

Neodymium is one of the rare earth elements (REEs), which include 17 metal elements (15 lanthanides and 2 non-lanthanides) sharing similar physicochemical and biological properties, and is classified as a light REE along with lanthanum, cerium, and praseodymium ([@b1-tr-33-239]). Previously, use of REEs was limited as they readily form compounds such as halides, carbonates, oxides, phosphates, and silicates. As separation and refinement technologies have developed, pure REEs can now be obtained and, are thus utilized in various industrial fields owing to their unique physical and chemical properties ([@b2-tr-33-239],[@b3-tr-33-239]). Neodymium is used in permanent magnets, audio systems, hybrid engines, headphones, catalysts, wind turbines, and hard drives in laptops. The Nd-Fe-B magnet, an alloy of neodymium, iron, and boron, is the strongest permanent magnet and is utilized in various information technologies as well as green technologies due to its high efficiency. Demand for neodymium is increasing globally, and annual production is 7,300 tons, accounting for the fourth largest REE production ([@b4-tr-33-239]).

However, as the use of REEs increases in modern industry, several occupational health issues have been reported ([@b5-tr-33-239]--[@b11-tr-33-239]). These case reports indicated that pulmonary disorders such as pneumoconiosis, dyspnea, and fibrosis were observed among workers who were chronically exposed to fumes or smoke from REE-containing cored carbon arc lamps during photoengraving and projection operations. Notably, Sulotto *et al.* ([@b8-tr-33-239]) and Porru *et al.* ([@b11-tr-33-239]) reported that levels of REEs increased abnormally in the bronchoalveolar lavage fluids (BALF), nails, and lung tissues of the individuals. Moreover, bioaccumulation in humans and environmental risks can occur during mining, processing, manufacturing, and waste disposal activities, as REEs are produced and then mainly disposed of, rather than recovered or reused ([@b12-tr-33-239]).

A review of the toxicological profiles for neodymium and its compounds showed that neodymium oxide (Nd~2~O~3~) was less toxic because its LC~50~ (50% of the lethal concentration) and LD~50~ (50% of the lethal dose) are 4,980 mg/m^3^ and \>5,000 mg/kg, respectively, in rats ([@b13-tr-33-239]). However, toxicity in specific organs was reported in few repeated toxicity studies. After 30 days of repeated oral administration in mice, neodymium chloride (NdCl~3~) inhibited cell and humoral immunity and induced liver toxicity at a dose of 20 mg/kg body weight ([@b14-tr-33-239]), and prolonged oral administration of NdCl~3~ for 60 days at the same dose induced additional kidney and heart toxicity in mice ([@b15-tr-33-239]). Referring to the liver toxicity of NdCl~3~ in mice, Huang *et al.* ([@b16-tr-33-239]) reported that repeated oral administration caused an accumulation of NdCl~3~ in the nuclei of hepatocytes and resulted in liver toxicity by inducing oxidative stress. Zhao *et al.* ([@b17-tr-33-239]) reported that 14 days of repeated intraperitoneal injection of 20 mg/kg NdCl~3~ resulted in brain toxicity through induction of oxidative stress in mice. In a different *in vitro* cytotoxicity study, Nd~2~O~3~ was cytotoxic to rat pulmonary alveolar macrophages, showing an LC~50~ of 101 μM ([@b18-tr-33-239]). Moreover, in previous *in vivo* and *in vitro* studies, as the particle size of REEs decreased, increased toxicity was observed in lung tissue and cell lines ([@b19-tr-33-239]--[@b21-tr-33-239]).

Although some human case reports and animal experiments related to neodymium imply occupational health risks, and utilization of neodymium nanomaterial is expected to increase in the automobile and high-tech industries in the near future, regulations or formal management systems in the work environment have not yet been established. Furthermore, long-term inhalation toxicity studies required for extrapolation of data from animals to humans have not been performed thus far. Therefore, as part of a project to provide toxicological data required for the risk/hazard assessment of neodymium, the present study set to qualitatively and quantitatively evaluate the toxicity of nano-sized Nd~2~O~3~ after 28 days of repeated inhalation exposure in Sprague-Dawley rats, and to determine gross toxicity, no-observed-adverse-effect concentration, and the target organs.

MATERIALS AND METHODS
=====================

Generation of nano-sized Nd~2~O~3~
----------------------------------

A single lot (Aldrich-634611) of neodymium (III) oxide (purity: 99.9%) was purchased from Sigma-Aldrich (St. Louis, Mo, USA). The surface area of nano-sized Nd~2~O~3~ used in the present study was measured to be 17.45 m^2^/g using the Brunauer-Emmett-Teller (BET) method (ASAP 2420, Micromeritics Inc., Norcross, GA, USA), and the particle size was calculated to be 49.05 nm. Nano-sized Nd~2~O~3~ was suspended in distilled water at a concentration of 0.09 to 1.50% and sonicated for 30 min (5 s sonication/3 s rest cycle) using a probe-type ultrasonicator (VC750, Sonics & Materials Inc., Newtown, CT, USA). The hydrodynamic diameter was then measured using the dynamic light scattering method (Zetasizer Nano ZS 90, Malvern, UK) to check particle size and dispersity. The dispersed suspension was aerosolized through a 0.6\~0.8 mm diameter orifice at an airflow of 4\~8 L/min in a nose-only inhalation chamber (NITC system, HCT Co., Icheon, Korea) under constant agitation. The total airflow for each chamber was set at 20 L/min to achieve a 1.0 L/min flow per rat. Temperature, relative humidity, pressure, and air ventilation in the chambers were recorded automatically.

Nano-sized Nd~2~O~3~ analysis and inhalation chamber monitoring
---------------------------------------------------------------

In a preliminary test, suitability of an optical particle counter (OPC, aerosol spectrometer and dust monitor 1.108, GRIMM spectrometer, GA, USA) for measuring the size distribution of nano-sized Nd~2~O~3~ was verified by using it in combination with a scanning mobility particle sizer system (SMPS); an electrical particle sizer (EPS, 4410, HCT Co.), and a condensation particle counter (CPC, 4312, HCT Co.). During the exposure period, the particle size distribution and mass concentration of the aerosols in the chambers were measured once every 2 hr using an OPC. The aerosol samples in the chambers were also collected for analyses by transmission electron microscopy (TEM, H-7100FA, Hitachi, Tokyo, Japan) and inductively coupled plasma mass spectrometry (ICP-MS, 7500CE, Agilent Technologies, Santa Clara, CA, USA), and compared with the results obtained using OPC. The samples were collected from the middle region of the port using an MSA-operated sampling pump (Escort Elf pump, MSA, PA, USA) at a flow rate of 1.0 L/min, with nitrocellulose membrane filters of 37 mm in diameter (Millipore, 0.22 μm, GSWP, County Cork, Ireland). TEM was performed at a magnification of 50,000 × for the high dose samples, and the particles were analyzed using an energy dispersive X-ray spectrometer (EDS, EX200, Horiba, Kyoto, Japan) at an accelerating voltage of 75 kV.

Experimental animals and animal husbandry
-----------------------------------------

Specific pathogen-free Sprague-Dawley rats were used. Seventy six-week-old male rats were purchased from Japan SLC Inc. (Tokyo, Japan), and were acclimated for two weeks before initial exposure. The animals were housed in a room maintained at 22 ± 3°C and at a relative humidity of 50 ± 20% with artificial lighting (150\~300 Lux) from 09:00 to 21:00 and 13\~18 air changes per hour. No more than four animals were housed in each solid bottom polysulfone cage (235 × 380 × 175 mm) containing sterilized bedding. Animals were provided irradiation-sterilized pellet feed (Lab-Diet 5053, PMI Nutrition, St. Louis, MO, USA) and UV-sterilized and filtered water *ad libitum*. The study protocol was approved by the Institutional Animal Care and Use Committee of Chemicals Toxicity Research Bureau (IACUC-1602).

Study design overview
---------------------

Dose selection was determined by considering previous repeated inhalation toxicity results for cerium, which possesses similar physiochemical properties to neodymium. Lowest-observed-adverse-effect concentration (LOAEC) of CeO~2~ (mass median aerodynamic diameter; MMAD: about 2 μm) was 5 mg/m^3^ after 13 weeks of exposure in rats ([@b13-tr-33-239]). Therefore, doses of 10, 2.5, and 0.5 mg/m^3^ were set as the high, middle, and low doses, respectively, in the present study. Each group consisted of 16 (control, low, and high dose groups) or 15 (middle dose group) rats, and eight rats per group were sacrificed after a 28-day exposure period. The other rats were set as recovery group, and were necropsied after a 28-day recovery period to identify reversibility, persistence, and delayed occurrence of toxic effects. The body weight range of rats was 287.3\~326.0 g at first exposure. Exposure to nano-sized Nd~2~O~3~ was performed for 6 hr/day, 5 days/week, for 28 days. The following parameters were examined during the experimental period: clinical signs, mean body weight, hematological parameters, serum biochemical parameters, necropsy findings, organ weight, histopathological parameters, BALF, oxidative stress, and neodymium levels in major organs.

Clinical signs and body weight
------------------------------

Clinical signs, including respiratory, dermal, behavioral, nasal, or genitourinary changes, and mortality, were observed for all animals before, during, and after exposure. Any signs related to the exposure were individually recorded. The initial day of exposure was set as Day 1. Body weight was measured using an electronic balance (QUINTIX3102, Sartorius Co., Göttingen, Lower Saxony, Germany) on Day 1 and once per week afterward, during the entire experimental period. The body weight at necropsy was also measured, after an overnight fast.

Hematology and serum biochemistry
---------------------------------

Each blood sample (approximately 2 mL) was placed into a CBC bottle (Vacutainer 3 mL, BD, USA) containing the anticoagulant EDTA-2K and analyzed using an automatic hematology analyzer (ADVIA 2120i, Siemens Diagnostics, Tarrytown, NY, USA). Hematology analysis included the following parameters: red blood cells, hemoglobin concentration, hematocrit, mean corpuscular volume, mean corpuscular hemoglobin, mean corpuscular hemoglobin concentration, red cell distribution width, mean platelet volume, platelet count, white blood cells (WBC), and WBC differential count (neutrophils, lymphocytes, monocytes, eosinophils, and basophils). Additional blood samples (3 mL) were collected at the same time as the hematology samples and placed into 5 mL vacutainer tubes (BD Pharmingen, San Diego, CA, USA) containing a clot activator. The samples were maintained at room temperature for 15\~20 min to allow coagulation, and then centrifuged at 3,000 rpm (LABMASTER ABC-CB200R, HANLAB, Cheongju, Korea) for 10 min using a serum biochemistry analyzer (TBA-120FR, Toshiba Co., Tokyo, Japan). Serum biochemistry analysis included the following parameters: aspartate aminotransferase, alanine aminotransferase, alkaline phosphatase, gamma glutamyl transferase, creatine phosphokinase, total bilirubin, glucose, total cholesterol, triglycerides, total protein, albumin, blood urea nitrogen, creatinine, inorganic phosphorus, lactate dehydrogenase (LDH), and calcium ions.

Necropsy and organ weight
-------------------------

On the day of scheduled necropsy, all surviving animals were euthanized by isoflurane (Ilsung Pharm. Co., Seoul, Korea) inhalation. Blood was taken from the posterior vena cava for hematology and serum biochemistry analyses after confirming anesthesia. The abdominal aorta and posterior vena cava were cut for exsanguination and sacrifice. Macroscopic examinations were performed for the body surface, subcutis, and all internal organs in the head, abdominal and thoracic cavities, and then the kidneys, spleen, lungs, brain, and liver were removed and weighed with an electronic balance (QUINTIX313, Sartorius Co.): bilateral organs were measured together. Weights were recorded both as absolute organ weight and as relative organ weight. The relative organ weight was calculated based on the ratio of absolute organ weight to fasted body weight.

Histopathology
--------------

Microscopic examinations were performed on the weighed organs, including hilar lymph node, left lung, nasal cavity, trachea, and abnormal lesions defined by the study pathologist. The organs and tissues were fixed in 10% neutral buffered formalin solution. The nasal cavity was sectioned at four levels: posterior to the upper incisors, the incisive papilla, the second palatine ridge, and the first molar teeth. The samples were stained with hematoxylin and eosin, and then examined using a light microscope at 100 or 200 × magnification.

Bronchoalveolar lavage fluid (BALF) analysis
--------------------------------------------

The right lung was lavaged five times with 3 mL of calcium- and magnesium-free phosphate buffered saline (PBS, pH 7.4) after tracheal cannulation using a PE-90 tube (ClayAdams, NJ, USA). The lavaged fluids were centrifuged at 1,500 rpm for 10 min (Hanil Union 32R, Incheon, Korea). The supernatants of the first lavage fluid were stored at −80°C for subsequent albumin, interleukin-6 (IL-6), tumor necrosis factor-alpha (TNF-α), and LDH assays. The portion containing the collected BALF pellet was used for total cell counts using an automatic hematology analyzer (ADVIA 2120i, Siemens Diagnostics). The remainder was used for differential leukocyte counts after centrifugation at 1,500 rpm for 10 min (Hanil Cellspin, Incheon, Korea) and Diff-Quick staining (Sysmex, Kobe, Japan). About 300 leukocytes (macrophages, neutrophils, lymphocytes, and eosinophils) were counted under a microscope at 400 × magnification. The albumin and LDH levels in the lavage fluid were measured using a biochemistry analyzer (TBA-120FR, Toshiba Co.), while TNF-α (RTA00, R&D Systems, Minneapolis, MN, USA) and IL-6 (R6000B, R&D Systems) levels in the lavage fluid were measured using commercial assay kits.

Oxidative stress analysis
-------------------------

The right lungs of the control and treatment groups were homogenized in five volumes of 50 mM phosphate buffer solution \[KH~2~PO~4~ (Sigma, P5379), K~2~HPO~4~ (Sigma, P3786), pH 7.0\]. Catalase (Cayman catalase kit 707002) and reduced glutathione (GSH) (Cayman glutathione assay kit 703002) were measured in the homogenized tissue, which had been adjusted to a final protein concentration of 2 mg/mL.

Measurement of neodymium levels
-------------------------------

Neodymium levels were measured using ICP-MS. The right lung, liver, spleen, kidneys, and brain tissues were digested in five or ten volumes of 69% nitric acid (Merck, Whitehouse Station, NJ, USA) before analysis. Ten volumes of 69% nitric acid were used for analysis of whole blood. The analytical conditions of ICP-MS are shown in [Table 1](#t1-tr-33-239){ref-type="table"}.

Statistical analysis
--------------------

Data are presented as mean ± standard deviation (SD). Body weight, hematological parameters, serum biochemical parameters, organ weight, BALF and oxidative stress parameters, and neodymium levels were assumed to be normally distributed and analyzed by one-way analysis of variance (ANOVA). Dunnett's T3 test was used as the post hoc test. SPSS 22.0 K software was used for all statistical analyses (Chicago, IL, USA). A *p* value \<0.05 was considered significant.

RESULTS
=======

Generation of nano-sized Nd~2~O~3~ and inhalation chamber monitoring
--------------------------------------------------------------------

To maintain a constant exposure concentration, concentration of dispersion solution and aeration flow within the inhalation chamber were adjusted daily during the exposure period. For each treatment group, characterization of the nano-sized Nd~2~O~3~ dispersion solution during the exposure period is presented in [Table 2](#t2-tr-33-239){ref-type="table"}. The concentrations of dispersion solution were 0.10 ± 0.01%, 0.40 ± 0.00%, and 1.11 ± 0.13% in the low, middle, and high dose groups, respectively. The particle sizes of the dispersion solution were 206 ± 31.0 nm, 267 ± 14.8 nm, and 273 ± 13.2 nm, and the polydispersity indices were 0.23 ± 0.05, 0.25 ± 0.05, and 0.31 ± 0.04, for the low, middle, and high dose groups, respectively, after sonication. During sonication, the applied energies, from low to high dose groups, were 251 ± 33.0 J/mL, 253 ± 38.8 J/mL, and 257 ± 36.5 J/mL, respectively. For each treatment group, characterization of the nano-sized Nd~2~O~3~ aerosol in the chamber during the exposure period is presented in [Table 3](#t3-tr-33-239){ref-type="table"} and [Fig. 1](#f1-tr-33-239){ref-type="fig"}. The actual concentrations measured using the OPC were 0.51 ± 0.03 mg/m^3^, 2.55 ± 0.07 mg/m^3^, and 10.09 ± 0.18 mg/m^3^ for the low, middle and high dose groups, respectively, and were consistent with the ICP-MS results (data not shown). The particle size distribution in the chambers was stable throughout the exposure period, the MMAD was 0.27 ± 0.02 μm, 0.43 ± 0.02 μm, and 0.67 ± 0.02 μm, and the geometric standard deviations (GSD) were 1.75 ± 0.13, 1.56 ± 0.07, and 1.53 ± 0.02, for the low, middle, and high dose groups, respectively. The particle size with the highest frequency in the high dose chamber was approximately 500 nm, showing aciniform aggregates and agglomerates in TEM ([Fig. 2](#f2-tr-33-239){ref-type="fig"}).

Clinical signs and body weight
------------------------------

No treatment-related mortality or abnormal clinical signs were observed during the exposure and recovery periods (data not shown). Moreover, no significant differences in body weight were observed between the treatment groups and controls ([Fig. 3](#f3-tr-33-239){ref-type="fig"}).

Hematology and serum biochemistry
---------------------------------

The results of hematology and serum biochemistry analyses are presented in [Table 4](#t4-tr-33-239){ref-type="table"}, [5](#t5-tr-33-239){ref-type="table"}, [6](#t6-tr-33-239){ref-type="table"}, and [7](#t7-tr-33-239){ref-type="table"}. There were no significant differences between the treatment groups and controls.

Necropsy and organ weight
-------------------------

There were no treatment-related gross findings in any of the treated groups (data not shown).

The results of the absolute and relative organ weights are presented in [Table 8](#t8-tr-33-239){ref-type="table"}. The absolute and relative lung weights increased in all treatment groups with a statistically significant difference when compared with those in the control group, and a clear dose-dependent relationship was observed at the end of the 28-day recovery period. The absolute lung weight increased by 54, 69, and 61%, respectively, in the 0.5, 2.5, and 10 mg/m^3^ treatment groups, and increased by 24, 80, and 105%, respectively, in the recovery groups, when compared with those in the control group.

Histopathology
--------------

The results of the histopathology examinations are presented in [Table 9](#t9-tr-33-239){ref-type="table"}, [Fig. 4](#f4-tr-33-239){ref-type="fig"}, and [5](#f5-tr-33-239){ref-type="fig"}. Alveolar proteinosis of the lung was observed in all cases in the 0.5 mg/m^3^ and higher dose treatment groups, and in six, seven, and eight cases, respectively, in the 0.5, 2.5, and 10 mg/m^3^ recovery groups. Hyperplasia/hypertrophy of alveolar type II cells in the lung was observed in one case each in the 0.5 and 10 mg/m^3^ treatment groups and in two cases in the 10 mg/m^3^ recovery group. Aggregation of alveolar macrophages in the lung was observed in five and one cases, respectively, in the 0.5 and 10 mg/m^3^ treatment groups and in six, five, and two cases, respectively, in the 0.5, 2.5, and 10 mg/m^3^ recovery groups. Alveolar/perivascular infiltration of inflammatory cells in the lung was observed in two, three, five, and four cases, respectively, in the control, 0.5, 2.5, and 10 mg/m^3^ treatment groups and in three, one, three, and four cases, respectively, in the control, 0.5, 2.5, and 10 mg/m^3^ recovery groups. Aggregation of macrophages in the hilar lymph node was observed in one and two cases, respectively, in the 0.5 and 10 mg/m^3^ treatment groups and in two and four cases, respectively, in the 2.5 and 10 mg/m^3^ recovery groups. The severity of alveolar proteinosis and infiltration of inflammatory cells in the lung, and aggregation of macrophages in the hilar lymph node, increased in a dose-dependent manner in the recovery groups. No treatment-related lesions were observed in other organs except for the lung and hilar lymph node.

Analysis of BALF
----------------

The BALF pellets obtained from all treatment groups except for those in the 0.5 mg/m^3^ recovery group had an opaque, milky appearance. The results of BALF cellular analysis are presented in [Table 10](#t10-tr-33-239){ref-type="table"}. The number of total cells, macrophages, and neutrophils increased in all treatment groups. While these changes generally decreased in the 0.5 and 2.5 mg/m^3^ recovery groups, increases were observed in the 10 mg/m^3^ recovery group, showing a clear dose dependency. A statistically significant difference in the results of BALF analysis was observed for all treatment groups, except for the macrophage count in the 0.5 mg/m^3^ treatment group, total cell and macrophage counts in the 0.5 and 2.5 mg/m^3^ recovery groups, and neutrophil count in the 0.5 mg/m^3^ recovery group, when compared with those in the control group. There were no significant changes in lymphocyte and eosinophil counts (data not shown). Foamy, distorted, or collapsed alveolar macrophages were observed in BALF cells of all treatment groups; however, BALF cells of the 0.5 mg/m^3^ recovery group were very similar in appearance to those from the control group ([Fig. 6](#f6-tr-33-239){ref-type="fig"}, [7](#f7-tr-33-239){ref-type="fig"}).

The results of the biochemical analysis for the BALF supernatant are presented in [Table 10](#t10-tr-33-239){ref-type="table"}. LDH, albumin, IL-6, and TNF-α increased in all treatment groups. While this change was generally less apparent in the 0.5 and 2.5 mg/m^3^ recovery groups, it increased, except for the change in IL-6, in the 10 mg/m^3^ recovery group, showing a clear dose-dependent relationship. A statistically significant difference was observed in results for all groups, except for the IL-6 in the 0.5 mg/m^3^ treatment group, albumin and TNF-α in the 0.5 mg/m^3^ recovery group, and IL-6 in the 0.5 and 2.5 mg/m^3^ recovery groups, when compared with those in the control group.

Oxidative stress analysis
-------------------------

The results of oxidative stress analysis of the lung homogenate are presented in [Table 11](#t11-tr-33-239){ref-type="table"}. GSH content decreased significantly in the 2.5 mg/m^3^ and higher dose treatment groups in a dose-dependent manner, and also decreased in the 10 mg/m^3^ recovery group with a statistically significant difference. Although a statistically significant decrease was observed in catalase activity of the 0.5 mg/m^3^ treatment group, it was not dose-dependent.

Measurement of neodymium levels
-------------------------------

The results of neodymium concentration measurements for major organs and blood are presented in [Table 12](#t12-tr-33-239){ref-type="table"}. Neodymium levels increased in the major organs of all treatment groups in a dose-dependent manner. It accumulated as follows: lung\>\> liver\>spleen\>brain ≒ kidney, at the end of the 28-day exposure period, and the ratio of deposits in the lung to total organ deposits was approximately 97.4, 99.4, and 99.6%, respectively, in the 0.5, 2.5, and 10 mg/m^3^ treatment groups. Neodymium levels decreased in the recovery groups and the rates of decrease in the lung were 21, 34, and 34% respectively, in the 0.5, 2.5 and 10 mg/m^3^ treatment groups. A statistically significant difference was observed in the neodymium levels of all organs, except for the spleen in the 0.5 and 2.5 mg/m^3^ treatment groups and the brain and spleen in the 0.5 mg/m^3^ and higher dose recovery groups, when compared with those in the control group. Neodymium levels were low in whole blood, with no clear dose-dependent relationship, although a statistically significant increase was observed in the 10 mg/m^3^ treatment group.

DISCUSSION
==========

While utilization of neodymium is increasing in various industrial fields due to its unique properties, there are growing concerns about potential risks to human health and the environment due to insufficient toxicological data and an absence of related regulations. Consequently, toxicological data are required for risk/hazard assessment of neodymium, in order to prevent possible adverse effects to humans and the environment. In a previous research, it was thought that men might be more sensitive to REEs than women, as the mean concentrations of all 15 REEs were much higher in the hair of men than in women from mining areas ([@b22-tr-33-239]). Additionally, a higher toxicity was observed both *in vivo* and *in vitro* with a decrease in the particle size of lanthanum oxide (La~2~O~3~) ([@b21-tr-33-239]). Therefore, the present study was performed to determine the potential toxicity and target organs of the nano-sized Nd~2~O~3~ after a 28-day repeated inhalation exposure in male Sprague-Dawley rats, and to provide reference data for further inhalation toxicity studies.

In the present study, local changes related to the lung were the main observations, including changes in organ weight, histopathology, and BALF after 28-day repeated inhalation exposure to nano-sized Nd~2~O~3~. However, systemic changes including abnormal clinical signs and changes in body weight were not observed. These results were similar to those obtained in a previous inhalation toxicity study using nano-sized La~2~O~3~ in rats ([@b23-tr-33-239]).

With regards to organ weight, lung weight increased significantly in all treatment groups due to exposure to the nano-sized Nd~2~O~3~. After the 28-day recovery period, this change increased further in the 2.5 mg/m^3^ and higher dose treatment groups, and decreased in the 0.5 mg/m^3^ treatment group; therefore, a clear dose-dependent relationship was observed. Increased lung weight was considered to be due to pulmonary alveolar proteinosis (PAP) in histopathology, as the occurrence and time-course change of PAP for each dose were consistent with the changes in lung weight, and this lesion induced an abnormal accumulation of lipoproteinaceous material within the alveoli ([@b24-tr-33-239]). Trapnell *et al. (*25) reported that secondary PAP was associated with a disorder of surfactant homeostasis due to a functional impairment or reduced numbers of macrophages, the clinical significance of which manifested in increased susceptibility to pulmonary infections. It was also reported that PAP was caused by inhalation of inorganic dust or fumes in humans and animals ([@b26-tr-33-239],[@b27-tr-33-239]). In connection to this, the BALF had an opaque, milky appearance and abnormal alveolar macrophages were observed in the BALF of all treatment groups. It is well known that milky fluid and foamy alveolar macrophages are commonly observed in BALF of patients with PAP ([@b28-tr-33-239],[@b29-tr-33-239]). In the 0.5 mg/m^3^ treatment group, the severity of PAP was low, below mild grade, and recovery potential was observed with related changes in organ weight and BALF.

With regards to histopathology results, hyperplasia/hypertrophy of alveolar type II cells in the lungs of the 0.5 and 10 mg/m^3^ treatment groups was not considered toxicologically significant, as the observed frequency and severity of the lesion were low. Although alveolar/perivascular infiltration of inflammatory cells was observed in all study groups, it was considered that the lesion observed at doses of 2.5 and 10 mg/m^3^ was a treatment-related effect, considering the observed frequency and severity of the lesion, and the apparent change above moderate grade at a dose of 10 mg/m^3^ was toxicologically significant. In connection with the infiltration of inflammatory cells and PAP, proinflammatory cytokines (IL-6, TNF-α), cellular damage indicators (albumin, LDH), and total cell counts, including macrophages and neutrophils, increased more sensitively in BALF obtained from all treatment groups after the 28-day exposure period. These changes nearly recovered to the control level in the 0.5 mg/m^3^ treatment group, but deteriorated in the 10 mg/m^3^ treatment group after 28-day recovery period. It was considered that a series of changes concerning inflammatory response, accompanied by aggregation of macrophages in the lung and hilar lymph node, was caused by an immune response to non-destroyed foreign metals, and prolonged and deteriorated changes were due to slow elimination of these materials in the 10 mg/m^3^ treatment group, resulting in apparent cell damage and alveolar macrophage impairment in the lung.

Results of neodymium levels in major organs were consistent with local changes observed in organ weight, histopathology, and BALF. Most of the inhaled neodymium was deposited in the lung after the 28-day exposure period, and the concentration significantly increased in a dose-dependent manner. High neodymium concentrations were maintained even after the 28-day recovery period. The percentage decrease was 21, 34, and 34% in the 0.5, 2.5, and 10 mg/m^3^ treatment groups, respectively, after the 28-day recovery period, and the half-life of nano-sized Nd~2~O~3~ in the lung was calculated to be 83, 47, and 47 days, respectively. In previous studies, the half-life of nano-sized cerium oxide (CeO~2~) and La~2~O~3~ in the lung was calculated as 40 and 55 days, respectively, in rats exposed to 0.5 mg/m^3^ for 4 weeks ([@b20-tr-33-239],[@b23-tr-33-239]). Therefore, it was thought that nano-sized Nd~2~O~3~ may require a longer elimination time than nano-sized CeO~2~ and La~2~O~3~ under the same conditions. Neodymium in blood was detected at low levels with no dose-dependent relationship, which corresponded with the results of previous studies using La~2~O~3~ ([@b21-tr-33-239],[@b23-tr-33-239]). Therefore, longer studies, or additional studies on kinetics, should be considered to identify a clear dose-dependent relationship and to elucidate this result.

With regards to oxidative stress analysis, GSH in the lung tissue decreased significantly in the 2.5 or/and 10 mg/m^3^ treatment groups after the exposure and recovery periods, but catalase activity did not change significantly. Many mechanism studies have reported that oxidative stress was induced in animal and plant models by exposure to cerium, lanthanum, and neodymium ([@b16-tr-33-239],[@b30-tr-33-239]--[@b32-tr-33-239]). Specifically, Peng *et al.* ([@b33-tr-33-239]) reported two waves of lung injury by particle size that were mainly induced by macrophage phagocytosis in the case of 313 nm cerium agglomerates, and by earlier macrophage phagocytosis and later reactive oxygen species (ROS) generation in the case of 1,731 nm cerium agglomerates. Therefore, lung injury in the present study was mainly caused by phagocytosis rather than by ROS generation, considering the particle sizes of nano-sized Nd~2~O~3~ (270\~670 nm), and the alveolar macrophage issues in BALF. However, further studies are needed to elucidate the exact mechanism of oxidative stress.

In conclusion, 28-day repeated inhalation exposure to nano-sized Nd~2~O~3~ in rats resulted in increased lung weight, histopathological changes such as PAP and infiltration of inflammatory cells (2.5 and 10 mg/m^3^ dose groups only), and increased counts of total cells, macrophages, and neutrophils, and levels of IL-6, TNF-α, albumin, and LDH in BALF for all treatment groups. However, the severity of PAP was low for the 0.5 mg/m^3^ group. After a 4-week recovery period, these changes generally recovered for the 0.5 mg/m^3^ group, but deteriorated in the 10 mg/m^3^ group. Under the present experimental conditions, in male rats, the LOAEC of nano-sized Nd~2~O~3~ was determined to be 0.5 mg/m^3^, and the target organ was determined to be the lung. More precise toxicity assessment is required for further studies, considering the changes observed due to exposure at 10 mg/m^3^.
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![Aerosol concentrations of nano-sized Nd~2~O~3~ at 0.5 (◆), 2.5 (■), and 10 (▲) mg/m^3^, during the exposure period.](tr-33-239f1){#f1-tr-33-239}

![Transmission electron microscopy (TEM) image (A: 50,000 ×) and energy dispersive spectroscopy (EDS) analysis (B) of nano-sized Nd~2~O~3~ collected from the high dose chamber. Aciniform aggregates and agglomerates were remarkably shown. Bar = 0.1 μm.](tr-33-239f2){#f2-tr-33-239}

![Mean body weight of rats exposed to 0 (◆), 0.5 (■), 2.5 (▲), and 10 (×) mg/m^3^ nano-sized Nd~2~O~3~ during the experimental period. Values are expressed as means ± SD \[exposure period; *n* = 15 (G3) or 16 (G1, G2, G4), recovery period; n = 7 (G3) or 8 (G1, G2, G4)\].](tr-33-239f3){#f3-tr-33-239}

![Representative photographs of lung sections from the control (A), 0.5 (B), 2.5 (C), and 10 (D) mg/m^3^ treatment groups stained with hematoxylin and eosin (200 ×). Alveolar proteinosis (arrow), alveolar macrophage aggregation (arrowhead), alveolar type II cells hyperplasia/hypertrophy (white arrowhead), and inflammatory cell infiltration (asterisk) were shown.](tr-33-239f4){#f4-tr-33-239}

![Representative photographs of lung sections from the control (A), 0.5 (B), 2.5 (C), and 10 (D) mg/m^3^ recovery groups stained with hematoxylin and eosin (200 ×). Alveolar proteinosis (arrow), alveolar macrophage aggregation (arrowhead), and inflammatory cell infiltration (asterisk) were shown.](tr-33-239f5){#f5-tr-33-239}

![Representative photographs of bronchoalveolar lavage fluids (BALF) from the control (A), 0.5 (B), 2.5 (C), and 10 (D) mg/m^3^ treatment groups stained with a Diff-Quick staining solution (400 ×). Morphological abnormalities (foamy; arrow, distorted; arrowhead, collapsed; asterisk) of alveolar macrophages were shown.](tr-33-239f6){#f6-tr-33-239}

![Representative photographs of bronchoalveolar lavage fluids (BALF) from the control (A), 0.5 (B), 2.5 (C), and 10 (D) mg/m^3^ recovery groups stained with a Diff-Quick staining solution (400 ×). Morphological abnormalities (foamy; arrow, distorted; arrowhead, collapsed; asterisk) of alveolar macrophages were shown.](tr-33-239f7){#f7-tr-33-239}

###### 

Neodymium analysis condition of inductively coupled plasma mass spectrometry

  Parameter        Unit     Value
  ---------------- -------- -------
  RF power         W        1,600
  Sampling depth   Mm       8
  Torch-H          Mm       −0.4
  Torch-V          Mm       0.4
  Carrier gas      L/min    0.7
  Makeup gas       L/min    0.5
  S/C temp         °C       2
  He gas           mL/min   5
  Nd               m/z      146

RF, radio frequency; He, helium; Nd, neodymium; m/z, mass to charge ratio.

###### 

Characterization of nano-sized Nd~2~O~3~ dispersion during the exposure period

  Parameter           Dose (mg/m^3^)                                                       
  ------------------- ------------------------------------------------------ ------------- -------------
  Concentration (%)   0.10 ± 0.01[a](#tfn3-tr-33-239){ref-type="table-fn"}   0.40 ± 0.00   1.11 ± 0.13
  Energy (Joule/mL)   251 ± 33.0                                             253 ± 38.8    257 ± 36.5
  Size (nm)           206 ± 31.0                                             267 ± 14.8    273 ± 13.2
  PDI                 0.23 ± 0.05                                            0.25 ± 0.05   0.31 ± 0.04

PDI, polydispersity index.

Values are expressed as means ± SD (*n* = 20).

###### 

Aerosol concentration and particle size of nano-sized Nd~2~O~3~ in chambers during the exposure period

  Parameter                 Dose (mg/m^3^)                                                       
  ------------------------- ------------------------------------------------------ ------------- --------------
  Concentration (mg/m^3^)   0.51 ± 0.03[a](#tfn5-tr-33-239){ref-type="table-fn"}   2.55 ± 0.07   10.09 ± 0.18
  MMAD (μm)                 0.27 ± 0.02                                            0.43 ± 0.02   0.67 ± 0.02
  GSD                       1.75 ± 0.13                                            1.56 ± 0.07   1.53 ± 0.02

MMAD, mass median aerodynamic diameter; GSD, geometric standard deviation.

Values are expressed as means ± SD (*n*=60).

###### 

Hematological values of rats after 28-day exposure of nano-sized Nd~2~O~3~

  Parameter                 Dose (mg/m^3^)                                                                     
  ------------------------- ------------------------------------------------------ ------------- ------------- -------------
  No. of animals examined   8                                                      8             8             8
  RBC (10^6^/μL)            8.40 ± 0.41[a](#tfn7-tr-33-239){ref-type="table-fn"}   8.69 ± 0.30   8.82 ± 0.60   8.58 ± 0.51
  Hemoglobin (g/dL)         15.1 ± 0.71                                            15.7 ± 0.48   15.8 ± 0.65   15.4 ± 0.63
  Hematocrit (%)            42.3 ± 1.63                                            43.8 ± 1.49   44.2 ± 1.97   42.7 ± 1.80
  MCV (fL)                  50.4 ± 1.04                                            50.4 ± 1.63   50.2 ± 1.50   49.8 ± 1.37
  MCH (pg)                  18.0 ± 0.55                                            18.1 ± 0.60   17.9 ± 0.56   17.9 ± 0.70
  MCHC (g/dL)               35.7 ± 0.51                                            35.8 ± 0.25   35.6 ± 0.35   36.5 ± 0.96
  RDW (%)                   12.4 ± 0.76                                            12.1 ± 0.46   11.9 ± 0.68   12.9 ± 2.04
  Platelet (10^3^/μL)       925 ± 121                                              987 ± 113     772 ± 157     984 ± 51.4
  MPV (fL)                  9.16 ± 0.66                                            8.91 ± 0.49   8.85 ± 0.74   9.76 ± 1.68
  WBC (10^3^/μL)            3.90 ± 1.20                                            4.82 ± 0.85   4.49 ± 2.31   4.08 ± 1.65
  Neutrophils (10^3^/μL)    0.79 ± 0.29                                            0.99 ± 0.25   1.08 ± 0.61   0.78 ± 0.21
  Lymphocytes (10^3^/μL)    2.97 ± 1.01                                            3.65 ± 0.70   3.22 ± 1.68   3.12 ± 1.42
  Monocytes (10^3^/μL)      0.06 ± 0.03                                            0.08 ± 0.03   0.10 ± 0.07   0.09 ± 0.04
  Eosinophils (10^3^/μL)    0.05 ± 0.04                                            0.06 ± 0.02   0.06 ± 0.02   0.05 ± 0.03
  Basophils (10^3^/μL)      0.01 ± 0.01                                            0.01 ± 0.01   0.01 ± 0.01   0.01 ± 0.01

RBC, red blood cell count; MCV, mean corpuscular volume; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration; RDW, red cell distribution width; MPV, mean platelet volume; WBC, white blood cell count.

Values are expressed as means ± SD.

###### 

Hematological values of rats after 28-day recovery

  Parameter                 Dose (mg/m^3^)                                                                     
  ------------------------- ------------------------------------------------------ ------------- ------------- -------------
  No. of animals examined   8                                                      8             7             8
  RBC (10^6^/μL)            8.63 ± 0.32[a](#tfn9-tr-33-239){ref-type="table-fn"}   8.71 ± 0.27   9.20 ± 0.46   9.09 ± 0.37
  Hemoglobin (g/dL)         15.6 ± 0.43                                            15.7 ± 0.86   15.9 ± 0.53   16.0 ± 0.53
  Hematocrit (%)            44.9 ± 1.49                                            45.0 ± 2.08   46.9 ± 2.19   46.4 ± 1.76
  MCV (fL)                  52.0 ± 0.83                                            51.6 ± 1.73   51.0 ± 1.25   51.1 ± 0.69
  MCH (pg)                  18.1 ± 0.55                                            18.0 ± 0.70   17.3 ± 0.69   17.6 ± 0.39
  MCHC (g/dL)               34.7 ± 0.78                                            34.8 ± 0.61   33.9 ± 0.99   34.5 ± 0.59
  RDW (%)                   13.9 ± 0.56                                            14.1 ± 0.27   13.4 ± 0.39   14.6 ± 2.26
  Platelet (10^3^/μL)       983 ± 51.0                                             971 ± 61.2    944 ± 111     993 ± 94.2
  MPV (fL)                  7.79 ± 0.34                                            7.68 ± 0.33   7.53 ± 0.27   7.83 ± 0.67
  WBC (10^3^/μL)            5.23 ± 0.75                                            5.37 ± 1.14   5.43 ± 0.58   5.76 ± 1.25
  Neutrophils (10^3^/μL)    1.01 ± 0.14                                            1.23 ± 0.44   1.34 ± 0.26   1.28 ± 0.23
  Lymphocytes (10^3^/μL)    3.94 ± 0.70                                            3.90 ± 0.93   3.84 ± 0.35   4.23 ± 1.13
  Monocytes (10^3^/μL)      0.13 ± 0.02                                            0.11 ± 0.06   0.12 ± 0.04   0.11 ± 0.03
  Eosinophils (10^3^/μL)    0.08 ± 0.02                                            0.07 ± 0.04   0.07 ± 0.02   0.07 ± 0.03
  Basophils (10^3^/μL)      0.01 ± 0.00                                            0.01 ± 0.01   0.01 ± 0.00   0.01 ± 0.01

RBC, red blood cell count; MCV, mean corpuscular volume; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration; RDW, red cell distribution width; MPV, mean platelet volume; WBC, white blood cell count.

Values are expressed as means ± SD.

###### 

Serum biochemical values of rats after 28-day exposure of nano-sized Nd~2~O~3~

  Parameter                 Dose (mg/m^3^)                                                                      
  ------------------------- ------------------------------------------------------- ------------- ------------- -------------
  No. of animals examined   8                                                       8             8             8
  AST (IU/L)                94.4 ± 20.1[a](#tfn11-tr-33-239){ref-type="table-fn"}   92.2 ± 18.8   105 ± 31.5    110 ± 22.0
  ALT (IU/L)                56.1 ± 7.30                                             59.7 ± 11.9   58.0 ± 11.0   54.2 ± 8.45
  ALP (IU/L)                598 ± 51.5                                              677 ± 101     667 ± 100     607 ± 138
  GGT (IU/L)                0.69 ± 0.60                                             0.38 ± 0.24   0.28 ± 0.32   0.45 ± 0.62
  CPK (IU/L)                436 ± 225                                               290 ± 115     334 ± 209     414 ± 131
  LDH (IU/L)                1331 ± 622                                              842 ± 309     1030 ± 724    1404 ± 385
  TBil (mg/dL)              0.17 ± 0.02                                             0.18 ± 0.03   0.21 ± 0.04   0.19 ± 0.03
  Glucose (mg/dL)           124 ± 11.1                                              127 ± 12.6    120 ± 15.6    111 ± 8.52
  TCho (mg/dL)              59.3 ± 10.2                                             58.5 ± 9.14   54.8 ± 7.43   54.4 ± 12.0
  Triglyceride (mg/dL)      38.7 ± 11.6                                             37.6 ± 13.7   34.5 ± 11.1   26.2 ± 6.10
  TP (g/dL)                 6.23 ± 0.13                                             6.34 ± 0.12   6.35 ± 0.16   6.30 ± 0.23
  Albumin (g/dL)            4.21 ± 0.08                                             4.29 ± 0.10   4.28 ± 0.10   4.23 ± 0.15
  BUN (mg/dL)               16.6 ± 1.74                                             18.5 ± 1.18   17.7 ± 1.98   14.8 ± 1.00
  Creatinine (mg/dL)        0.42 ± 0.02                                             0.42 ± 0.02   0.44 ± 0.02   0.43 ± 0.02
  IP (mg/dL)                7.43 ± 0.49                                             7.70 ± 0.37   7.73 ± 0.35   7.84 ± 0.44
  Ca^++^ (mg/dL)            10.2 ± 0.21                                             10.1 ± 0.16   10.1 ± 0.21   10.1 ± 0.21

AST, aspartate aminotransferase; ALT, alanine aminotransferase; ALP, alkaline phosphatase; GGT, gamma glutamyl transferase; CPK, creatine phosphokinase; LDH, lactate dehydrogenase; TBil, total bilirubin; TCho, total cholesterol; TP, total protein; BUN, blood urea nitrogen; IP, inorganic phosphorus; Ca, calcium.

Values are expressed as means ± SD.

###### 

Serum biochemical values of rats after 28-day recovery

  Parameter                 Dose (mg/m^3^)                                                                      
  ------------------------- ------------------------------------------------------- ------------- ------------- -------------
  No. of animals examined   8                                                       8             7             8
  AST (IU/L)                85.5 ± 9.79[a](#tfn13-tr-33-239){ref-type="table-fn"}   83.8 ± 11.0   84.6 ± 11.5   92.3 ± 19.8
  ALT (IU/L)                54.1 ± 6.10                                             62.4 ± 15.0   63.3 ± 10.3   59.4 ± 9.73
  ALP (IU/L)                618 ± 140                                               617 ± 176     649 ± 189     604 ± 101
  GGT (IU/L)                0.99 ± 0.71                                             1.06 ± 0.49   1.21 ± 0.63   0.95 ± 0.45
  CPK (IU/L)                262 ± 134                                               274 ± 196     217 ± 135     203 ± 124
  LDH (IU/L)                910 ± 529                                               984 ± 796     718 ± 542     781 ± 568
  TBil (mg/dL)              0.10 ± 0.04                                             0.10 ± 0.04   0.10 ± 0.05   0.09 ± 0.03
  Glucose (mg/dL)           135 ± 15.8                                              125 ± 12.5    139 ± 17.7    130 ± 9.64
  TCho (mg/dL)              78.7 ± 16.9                                             75.1 ± 12.3   73.5 ± 12.1   64.1 ± 8.41
  Triglyceride (mg/dL)      48.2 ± 14.5                                             47.6 ± 12.7   40.4 ± 12.9   42.7 ± 11.9
  TP (g/dL)                 7.26 ± 0.26                                             7.08 ± 0.30   7.31 ± 0.34   7.19 ± 0.25
  Albumin (g/dL)            4.75 ± 0.14                                             4.69 ± 0.18   4.76 ± 0.16   4.71 ± 0.15
  BUN (mg/dL)               21.2 ± 2.70                                             21.5 ± 3.92   20.4 ± 2.34   22.2 ± 3.90
  Creatinine (mg/dL)        0.51 ± 0.05                                             0.49 ± 0.04   0.51 ± 0.02   0.52 ± 0.02
  IP (mg/dL)                8.08 ± 0.93                                             8.11 ± 0.62   8.49 ± 0.83   7.95 ± 0.74
  Ca^++^ (mg/dL)            11.8 ± 0.66                                             11.2 ± 0.44   11.3 ± 0.44   11.0 ± 0.41

AST, aspartate aminotransferase; ALT, alanine aminotransferase; ALP, alkaline phosphatase; GGT, gamma glutamyl transferase; CPK, creatine phosphokinase; LDH, lactate dehydrogenase; TBil, total bilirubin; TCho, total cholesterol; TP, total protein; BUN, blood urea nitrogen; IP, inorganic phosphorus; Ca, calcium.

Values are expressed as means ± SD.

###### 

Absolute and relative organ weights of rats treated with nano-sized Nd~2~O~3~ for 28 days

  Parameter (after exposure)   Dose (mg/m^3^)                                                                                                                                                                      
  ---------------------------- --------------------------------------------------------- ------------------------------------------------------------ ------------------------------------------------------------ ------------------------------------------------------------
  No. of animals examined      8                                                         8                                                            8                                                            8
  Body weight (g)              346.3 ± 18.53[a](#tfn14-tr-33-239){ref-type="table-fn"}   345.4 ± 21.98                                                359.2 ± 19.99                                                347.1 ± 19.53
  Lung (g)                     1.391 ± 0.094                                             2.141 ± 0.270[\*\*](#tfn15-tr-33-239){ref-type="table-fn"}   2.345 ± 0.114[\*\*](#tfn15-tr-33-239){ref-type="table-fn"}   2.238 ± 0.149[\*\*](#tfn15-tr-33-239){ref-type="table-fn"}
   Per body weight (%)         0.402 ± 0.016                                             0.619 ± 0.059[\*\*](#tfn15-tr-33-239){ref-type="table-fn"}   0.655 ± 0.047[\*\*](#tfn15-tr-33-239){ref-type="table-fn"}   0.645 ± 0.034[\*\*](#tfn15-tr-33-239){ref-type="table-fn"}
  Liver (g)                    9.395 ± 0.664                                             9.490 ± 0.867                                                9.843 ± 0.981                                                9.189 ± 0.585
   Per body weight (%)         2.713 ± 0.110                                             2.745 ± 0.124                                                2.735 ± 0.155                                                2.650 ± 0.149
  Kidney (g)                   2.325 ± 0.161                                             2.424 ± 0.142                                                2.456 ± 0.218                                                2.345 ± 0.118
   Per body weight (%)         0.672 ± 0.043                                             0.703 ± 0.043                                                0.683 ± 0.040                                                0.676 ± 0.032
  Spleen (g)                   0.651 ± 0.085                                             0.644 ± 0.060                                                0.657 ± 0.070                                                0.610 ± 0.072
   Per body weight (%)         0.188 ± 0.018                                             0.186 ± 0.011                                                0.183 ± 0.014                                                0.176 ± 0.021
  Brain (g)                    2.038 ± 0.084                                             2.006 ± 0.049                                                2.044 ± 0.094                                                1.981 ± 0.086
   Per body weight (%)         0.590 ± 0.033                                             0.583 ± 0.038                                                0.571 ± 0.041                                                0.572 ± 0.035
                                                                                                                                                                                                                   
  Parameter (after recovery)   Dose (mg/m^3^)                                                                                                                                                                      
                                                                                                                                                                                                                   
  0                            0.5                                                       2.5                                                          10                                                           
                                                                                                                                                                                                                   
  No. of animals examined      8                                                         8                                                            7                                                            8
  Body weight (g)              499.9 ± 28.93                                             495.9 ± 25.25                                                464.6 ± 44.10                                                488.6 ± 30.07
  Lung (g)                     1.709 ± 0.132                                             2.118 ± 0.191[\*\*](#tfn15-tr-33-239){ref-type="table-fn"}   3.077 ± 0.482[\*\*](#tfn15-tr-33-239){ref-type="table-fn"}   3.495 ± 0.460[\*\*](#tfn15-tr-33-239){ref-type="table-fn"}
   Per body weight (%)         0.342 ± 0.027                                             0.427 ± 0.030[\*\*](#tfn15-tr-33-239){ref-type="table-fn"}   0.661 ± 0.063[\*\*](#tfn15-tr-33-239){ref-type="table-fn"}   0.716 ± 0.082[\*\*](#tfn15-tr-33-239){ref-type="table-fn"}
  Liver (g)                    13.75 ± 1.675                                             13.49 ± 0.918                                                12.39 ± 1.509                                                13.02 ± 1.021
   Per body weight (%)         2.745 ± 0.224                                             2.720 ± 0.144                                                2.664 ± 0.135                                                2.667 ± 0.151
  Kidney (g)                   3.071 ± 0.292                                             2.974 ± 0.173                                                2.829 ± 0.357                                                2.890 ± 0.148
   Per body weight (%)         0.614 ± 0.033                                             0.600 ± 0.033                                                0.610 ± 0.058                                                0.592 ± 0.029
  Spleen (g)                   0.926 ± 0.095                                             0.862 ± 0.116                                                0.828 ± 0.080                                                0.853 ± 0.034
   Per body weight (%)         0.185 ± 0.017                                             0.174 ± 0.021                                                0.178 ± 0.010                                                0.175 ± 0.013
  Brain (g)                    2.140 ± 0.098                                             2.113 ± 0.055                                                2.073 ± 0.072                                                2.066 ± 0.099
   Per body weight (%)         0.428 ± 0.014                                             0.427 ± 0.018                                                0.450 ± 0.049                                                0.425 ± 0.041

Values are expressed as means ± SD.

Significantly different from vehicle control at *p*\<0.01.

###### 

Histopathologic findings of rats treated with nano-sized Nd~2~O~3~ for 28 days

  Organ/Findings (after exposure)                            Grade   Dose (mg/m^3^)            
  ---------------------------------------------------------- ------- ---------------- ---- --- ---
  No. of animals examined                                            8                8    8   8
  Normal appearance                                                  6                0    0   0
  Lung                                                                                         
   Alveolar proteinosis                                      ±       0                7    7   6
                                                             \+      0                1    1   1
                                                             ++      0                0    0   1
   Hyperplasia/hypertrophy, alveolar type II cells           ±       0                1    0   1
   Aggregation, alveolar macrophages                         ±       0                2    0   1
                                                             \+      0                3    0   0
   Infiltration, inflammatory cells, alveolar/perivascular   ±       2                3    5   2
                                                             \+      0                0    0   1
                                                             ++      0                0    0   1
  Lymph node, hilar                                                                            
   Aggregation, macrophages                                  ±       0                1    0   1
                                                             \+      0                0    0   1
                                                                                               
  Organ/Findings (after recovery)                            Grade   Dose (mg/m^3^)            
                                                                                               
  0                                                          0.5     2.5              10       
                                                                                               
  No. of animals examined                                            8                8    7   8
  Normal appearance                                                  5                1    0   0
  Lung                                                                                         
   Alveolar proteinosis                                      ±       0                6    5   0
                                                             \+      0                0    1   6
                                                             ++      0                0    0   2
                                                             +++     0                0    1   0
   Hyperplasia/hypertrophy, alveolar type II cells           ±       0                0    0   1
                                                             \+      0                0    0   1
   Aggregation, alveolar macrophages                         ±       0                6    3   1
                                                             \+      0                0    1   1
                                                             ++      0                0    1   0
   Infiltration, inflammatory cells, alveolar/perivascular   ±       3                1    2   2
                                                             \+      0                0    1   1
                                                             +++     0                0    0   1
  Lymph node, hilar                                                                            
   Aggregation, macrophages                                  ±       0                0    1   0
                                                             \+      0                0    1   0
                                                             ++      0                0    0   3
                                                             +++     0                0    0   1

Grade: ±, minimal; +, mild; ++, moderate; and +++, marked.

###### 

Analysis of bronchoalveolar lavage fluid from rats treated with nano-sized Nd~2~O~3~ for 28 days

  Parameter (after 28-day exposure)   Dose (mg/m^3^)                                                                                                                                                                
  ----------------------------------- ------------------------------------------------------- ---------------------------------------------------------- ---------------------------------------------------------- ----------------------------------------------------------
  No. of animals examined             8                                                       8                                                          8                                                          8
  Total cells (10^3^/μL)              0.78 ± 0.31[a](#tfn18-tr-33-239){ref-type="table-fn"}   29.3 ± 16.0[\*](#tfn19-tr-33-239){ref-type="table-fn"}     73.4 ± 32.0[\*\*](#tfn19-tr-33-239){ref-type="table-fn"}   67.0 ± 15.4[\*\*](#tfn19-tr-33-239){ref-type="table-fn"}
  Macrophages (10^3^/μL)              0.77 ± 0.30                                             19.3 ± 14.5                                                46.8 ± 28.7[\*](#tfn19-tr-33-239){ref-type="table-fn"}     31.3 ± 8.57[\*\*](#tfn19-tr-33-239){ref-type="table-fn"}
  Neutrophils (10^3^/μL)              0.01 ± 0.03                                             9.96 ± 3.10[\*\*](#tfn19-tr-33-239){ref-type="table-fn"}   26.5 ± 7.35[\*\*](#tfn19-tr-33-239){ref-type="table-fn"}   35.7 ± 10.3[\*\*](#tfn19-tr-33-239){ref-type="table-fn"}
  LDH (IU/L)                          89.9 ± 33.4                                             771 ± 195[\*\*](#tfn19-tr-33-239){ref-type="table-fn"}     1117 ± 179[\*\*](#tfn19-tr-33-239){ref-type="table-fn"}    1080 ± 345[\*\*](#tfn19-tr-33-239){ref-type="table-fn"}
  Albumin (mg/dL)                     0.00 ± 0.00                                             18.3 ± 7.18[\*\*](#tfn19-tr-33-239){ref-type="table-fn"}   33.9 ± 13.3[\*\*](#tfn19-tr-33-239){ref-type="table-fn"}   36.9 ± 19.1[\*\*](#tfn19-tr-33-239){ref-type="table-fn"}
  IL-6 (pg/mL)                        71.6 ± 9.63                                             82.9 ± 14.9                                                102 ± 8.90[\*\*](#tfn19-tr-33-239){ref-type="table-fn"}    114 ± 22.2[\*\*](#tfn19-tr-33-239){ref-type="table-fn"}
  TNF-α (pg/mL)                       3.64 ± 0.41                                             5.94 ± 1.09[\*](#tfn19-tr-33-239){ref-type="table-fn"}     7.89 ± 2.49[\*](#tfn19-tr-33-239){ref-type="table-fn"}     8.46 ± 3.46[\*](#tfn19-tr-33-239){ref-type="table-fn"}
                                                                                                                                                                                                                    
  Parameter (after 28-day recovery)   Dose (mg/m^3^)                                                                                                                                                                
                                                                                                                                                                                                                    
  0                                   0.5                                                     2.5                                                        10                                                         
                                                                                                                                                                                                                    
  No. of animals examined             8                                                       8                                                          7                                                          8
  Total cells (10^3^/μL)              1.01 ± 0.56                                             9.91 ± 10.3                                                56.4 ± 40.3                                                96.9 ± 43.1[\*\*](#tfn19-tr-33-239){ref-type="table-fn"}
  Macrophages (10^3^/μL)              0.98 ± 0.55                                             5.91 ± 5.39                                                32.5 ± 28.7                                                49.3 ± 22.2[\*\*](#tfn19-tr-33-239){ref-type="table-fn"}
  Neutrophils (10^3^/μL)              0.02 ± 0.02                                             3.99 ± 5.02                                                23.9 ± 13.0[\*](#tfn19-tr-33-239){ref-type="table-fn"}     47.3 ± 21.1[\*\*](#tfn19-tr-33-239){ref-type="table-fn"}
  LDH (IU/L)                          27.1 ± 6.95                                             109 ± 57.9[\*](#tfn19-tr-33-239){ref-type="table-fn"}      669 ± 113[\*\*](#tfn19-tr-33-239){ref-type="table-fn"}     1216 ± 264[\*\*](#tfn19-tr-33-239){ref-type="table-fn"}
  Albumin (mg/dL)                     1.13 ± 1.46                                             4.38 ± 4.66                                                30.2 ± 7.08[\*\*](#tfn19-tr-33-239){ref-type="table-fn"}   63.9 ± 18.4[\*\*](#tfn19-tr-33-239){ref-type="table-fn"}
  IL-6 (pg/mL)                        70.0 ± 7.91                                             72.8 ± 10.3                                                77.9 ± 9.93                                                100 ± 16.5[\*](#tfn19-tr-33-239){ref-type="table-fn"}
  TNF-α (pg/mL)                       2.63 ± 0.69                                             3.52 ± 0.91                                                7.59 ± 2.10[\*\*](#tfn19-tr-33-239){ref-type="table-fn"}   9.34 ± 3.47[\*\*](#tfn19-tr-33-239){ref-type="table-fn"}

LDH, lactate dehydrogenase; IL-6, interleukin-6; TNF-α, tumor necrosis factor-alpha.

Values are expressed as means ± SD.

Significantly different from vehicle control at *p*\<0.05 and *p*\<0.01.

###### 

Oxidative stress analysis of rat lung treated with nano-sized Nd~2~O~3~ for 28 days

  Parameter (after 28-day exposure)   Dose (mg/m^3^)                                                                                                                                                              
  ----------------------------------- ------------------------------------------------------- -------------------------------------------------------- ---------------------------------------------------------- ----------------------------------------------------------
  No. of animals examined             8                                                       8                                                        8                                                          8
  GSH (nmol/mg protein)               1.97 ± 0.55[a](#tfn21-tr-33-239){ref-type="table-fn"}   1.34 ± 0.90                                              0.69 ± 0.25[\*\*](#tfn22-tr-33-239){ref-type="table-fn"}   0.48 ± 0.22[\*\*](#tfn22-tr-33-239){ref-type="table-fn"}
  Catalase (units/mg protein)         35.5 ± 8.82                                             22.3 ± 2.37[\*](#tfn22-tr-33-239){ref-type="table-fn"}   26.6 ± 7.95                                                38.3 ± 4.59
                                                                                                                                                                                                                  
  Parameter (after 28-day recovery)   Dose (mg/m^3^)                                                                                                                                                              
                                                                                                                                                                                                                  
  0                                   0.5                                                     2.5                                                      10                                                         
                                                                                                                                                                                                                  
  No. of animals examined             8                                                       8                                                        7                                                          8
  GSH (nmol/mg protein)               1.49 ± 0.59                                             1.16 ± 0.20                                              1.05 ± 0.19                                                0.55 ± 0.30[\*](#tfn22-tr-33-239){ref-type="table-fn"}
  Catalase (units/mg protein)         31.6 ± 7.99                                             28.9 ± 4.03                                              37.0 ± 4.18                                                33.0 ± 6.83

GSH, glutathione.

Values are expressed as means ± SD.

Significantly different from vehicle control at *p*\<0.05 and *p*\<0.01.

###### 

Tissue content of neodymium from rats treated with nano-sized Nd~2~O~3~ for 28 days

  Organ (after 28-day exposure)   Dose (mg/m^3^)                                                                                                                                                                
  ------------------------------- ------------------------------------------------------- ---------------------------------------------------------- ---------------------------------------------------------- ----------------------------------------------------------
  No. of animals examined         8                                                       8                                                          8                                                          8
  Lung (μg/g)                     0.01 ± 0.00[a](#tfn23-tr-33-239){ref-type="table-fn"}   8.55 ± 2.59[\*\*](#tfn24-tr-33-239){ref-type="table-fn"}   59.0 ± 19.2[\*\*](#tfn24-tr-33-239){ref-type="table-fn"}   183 ± 25.9[\*\*](#tfn24-tr-33-239){ref-type="table-fn"}
  Brain (ng/g)                    4.36 ± 3.21                                             25.6 ± 6.95[\*](#tfn24-tr-33-239){ref-type="table-fn"}     58.5 ± 30.8[\*](#tfn24-tr-33-239){ref-type="table-fn"}     108 ± 55.3[\*\*](#tfn24-tr-33-239){ref-type="table-fn"}
  Liver (ng/g)                    2.44 ± 1.89                                             121 ± 34.2[\*\*](#tfn24-tr-33-239){ref-type="table-fn"}    174 ± 9.94[\*\*](#tfn24-tr-33-239){ref-type="table-fn"}    312 ± 98.6[\*\*](#tfn24-tr-33-239){ref-type="table-fn"}
  Spleen (ng/g)                   6.40 ± 4.81                                             34.1 ± 21.3                                                64.0 ± 42.3                                                177 ± 108[\*](#tfn24-tr-33-239){ref-type="table-fn"}
  Kidney (ng/g)                   10.6 ± 4.76                                             43.9 ± 12.3[\*\*](#tfn24-tr-33-239){ref-type="table-fn"}   71.0 ± 41.7[\*](#tfn24-tr-33-239){ref-type="table-fn"}     91.9 ± 40.8[\*\*](#tfn24-tr-33-239){ref-type="table-fn"}
  Whole blood (ng/g)              0.03 ± 0.06                                             0.04 ± 0.05                                                0.05 ± 0.06                                                0.15 ± 0.07[\*](#tfn24-tr-33-239){ref-type="table-fn"}
                                                                                                                                                                                                                
  Organ (after 28-day recovery)   Dose (mg/m^3^)                                                                                                                                                                
                                                                                                                                                                                                                
  0                               0.5                                                     2.5                                                        10                                                         
                                                                                                                                                                                                                
  No. of animals examined         8                                                       8                                                          7                                                          8
  Lung (μg/g)                     0.01 ± 0.01                                             6.74 ± 2.08[\*\*](#tfn24-tr-33-239){ref-type="table-fn"}   38.7 ± 12.5[\*\*](#tfn24-tr-33-239){ref-type="table-fn"}   120 ± 11.3[\*\*](#tfn24-tr-33-239){ref-type="table-fn"}
  Brain (ng/g)                    5.46 ± 4.89                                             12.6 ± 9.91                                                20.2 ± 8.08                                                54.5 ± 33.7
  Liver (ng/g)                    11.7 ± 6.80                                             127 ± 37.8[\*\*](#tfn24-tr-33-239){ref-type="table-fn"}    150 ± 32.5[\*\*](#tfn24-tr-33-239){ref-type="table-fn"}    215 ± 72.9[\*\*](#tfn24-tr-33-239){ref-type="table-fn"}
  Spleen (ng/g)                   13.7 ± 7.55                                             22.6 ± 5.72                                                42.7 ± 20.4                                                79.5 ± 58.6
  Kidney (ng/g)                   3.08 ± 4.22                                             32.7 ± 11.1[\*\*](#tfn24-tr-33-239){ref-type="table-fn"}   37.6 ± 15.3[\*\*](#tfn24-tr-33-239){ref-type="table-fn"}   70.1 ± 24.2[\*\*](#tfn24-tr-33-239){ref-type="table-fn"}
  Whole blood (ng/g)              0.00 ± 0.01                                             0.04 ± 0.04                                                0.22 ± 0.34                                                0.18 ± 0.18

Values are expressed as means ± SD.

Significantly different from vehicle control at *p*\<0.05 and *p*\<0.01.
